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Fernandez et al. differential binding of a protein factor, SRSF3, that has been previously reported to 95 act as a miRNA biogenesis factor. These results provide a mechanism by which the 96 pri-mir-30c-1 genetic variant results in an increased expression of the mature miR-97 30c. Altogether these data highlights that primary sequence as well as RNA structure 98 have a crucial role in the post-transcriptional regulation of miRNA biogenesis. 99 
100

RESULTS
101
The G/A substitution in pri-miR-30c-1 affects the Microprocessor-mediated 102 processing of the primary miRNA 103 In order to understand the mechanism underlying miR-30c deregulation in breast and 104 gastric cancers, we investigated how the reported G 27 -to-A mutation observed in a 105 Chinese population might affect miRNA biogenesis. It was previously shown that this 106 substitution results in an increase in the abundance of the mature miRNA; however, 107 the mechanism that leads to an increased expression is unknown 22, 23 . First, we 108 transiently transfected MCF7 breast cancer cells with constructs encoding 380 109 nucleotides (nt) of primary hsa-pri-mir-30c-1 (pri-miRNA), either in a WT version or 110 bearing the G/A variant (Fig. 1a) . We observed that the G/A substitution resulted in 111 increased levels of mature miR-30c ( Fig. 1b) , resembling the situation observed in Fernandez et al.
arms, as expected due to their effect in the regulation of gene expression. 145 Interestingly, part of the terminal loop (TL), where G 27 is embedded, has also a very 146 high level of constraint, which is suggestive of a role of this sequence in miRNA 147 biogenesis, as was previously described for a subset of miRNAs 17, 19, 24 . In addition, 148 residues at the 5´end (nts -1 to -8; -11 to -16 and -20 to -23) and the 3´end (nts +1 to 149 +16 and +18 to +25) are also highly constrained. Indeed, several of these residues 150 were included as part of the stem in the in silico predicted RNA structure suggesting 151 their importance for maintaining the RNA secondary structure (Fig. 2b) . These data 152 led us to focus our attention on these invariant sequences as potentially having a 153 crucial role in the regulation of miR-30c biogenesis. 154 155 RNA structural analysis reveals the specific requirement of G 27 for maintaining 156 the pri-miRNA structure 157 Next, in order to establish the importance of the G 27 to A substitution in RNA 158 structure, we performed structural analysis by Selective 2'-hydroxyl acylation 159 analyzed by primer extension (SHAPE) 25 . This approach allows performing 160 quantitative RNA structural analysis at single nucleotide resolution and is mostly 161 independent of base composition. While highly reactive residues are located at single-162 stranded regions, non-reactive nucleotides are involved in base pairs, non-Watson- 163 Crick base pairs, tertiary interactions or single stacking interactions in the C2´-endo 164 conformation 26 . To this end, in vitro transcribed RNA comprising 380 nt of pri-miR-165 30c-1 (either wild-type or the G/A variant sequence) was treated with N-methylisatoic 166 anhydride (NMIA), which reacts with the 2´hydroxyl group of flexible nucleotides 167 (Fig. 3a) . Gross modifications of SHAPE reactivity were observed in specific regions 168 of the G/A variant, when compared with the wild-type sequence. The resulting profiles revealed a decreased SHAPE reactivity in the TL (residues 28-30), with a 170 concomitant increase in the 5´ region (-18,-16, and -15) as well as in the 3´end (nts 171 +11, +16 and +19) ( Fig. 3a,b) . This result indicated the presence of different 172 conformations in the pri-miRNA with the G-to-A substitution, as compared to its 173 wild-type counterpart. In order to gain more information into the folding and tertiary 174 structure of this pri-miRNA, we assessed the solvent accessibility of each nucleotide 175 by hydroxyl radical cleavage footprinting, generated by reduction of hydrogen 176 peroxide by iron (II) 27 . Hydroxyl radicals break the accessible backbone of RNA with 177 no sequence dependence. We defined buried regions, as zones with more than two 178 consecutives nucleotides having a reactivity (R) smaller than the mean of all 179 reactivity, whereas exposed regions are those with more than two consecutive 180 nucleotides having R larger than the mean of all reactivity. We observed that the wild-181 type sequence presents two buried regions located between nts 8 to 40 and +9 to +25, 182 as well as two exposed segments between nt -25 to 7 and nts 40 to +8 183 ( Supplementary Fig. 2a ). The G to A substitution caused changes in the exposure to 184 solvent, with both the TL (nts 28 to 40) and also the 3´end region (nts +17 to +22) 185 becoming solvent accessible. By contrast, the 5´end (nts -7 to 7) and a small region in 186 miRNA-3p (nts 55 to 58) are no longer solvent accessible. 187 Altogether, the SHAPE and radical hydroxyl data suggest that the G 27 A 188 substitution is indeed affecting the RNA flexibility of pri-miRNA-30c-1, modifying 189 both base-pairing interaction as well as solvent accessibility of the nucleotides located 190 in the TL and in the basal region of the stem. This could be a consequence of a long 191 distance interaction disruption between those regions ( Fig. 3c and Supplementary  Fig. 2b) , which could in turn modify the interaction with RNA-binding proteins 193 important for miR-30c biogenesis.
195
SRSF3 binds to a basal region of hsa-pri-mir-30c-1 196
A working model that emerges from data described above is that either a repressor of 197 Microprocessor-mediated processing binds to the wild-type sequence or, alternatively, 198 the change in RNA structure induced by the G/A sequence variation could lead to the 199 binding of an activator. In order to identify RNA-BPs that differentially bind to either 200 the pri-miR-30c-1 WT or G/A sequence, we performed RNase-assisted 201 chromatography followed by mass spectrometry in MCF7 total cell extracts 28 . This 202 resulted in the identification of twelve proteins that interact with the WT sequence 203 and eight that bind to the G/A variant, being 7 common between both substrates. 204 Significantly, several of the common proteins were previously implicated in miRNA 205 biogenesis and/or regulation, including the heat shock cognate 70 protein 5 , the hnRNP 206 proteins, hnRNP A1 18,20 and hnRNP A2/B1 29 , as well as the RNA helicase DDX17 4 , 207 and Poly [ADP-ribose] polymerase 1 (PARP) 30 ( Fig. 4a and Supplementary Fig. 3a) . 208 We decided to focus on those interactors that showed preferential interaction with 209 either the WT or the G/A variant sequence. In this category, the most likely candidate 210 that interacted with the WT sequence is the RNA-binding protein FUS/TLS (fused in 211 sarcoma/translocated in liposarcoma). Interestingly, this protein has been shown to 212 promote miRNA biogenesis by facilitating the co-transcriptional recruitment of 213 Drosha 31 ; however, we could not validate the specific interaction between FUS and 214 miR-30c-1 WT sequence by Immunoprecipitation followed by Western blot analysis 215 (IP-WB) ( Supplementary Fig. 3b) . As for the G/A variant, there was a single 216 exclusive interactor, SRSF3, which is a member of the SR family of splicing 217 regulators. These family of proteins are involved in constitutive and alternative 218 splicing, but some of them have been shown to fulfil other cellular functions 32, 33 .
Importantly, SRSF3 has also been reported to be required for miRNA biogenesis 34 . 220 We could validate this interaction by RNA chromatography followed by Western-blot 221 analysis with an antibody specific for SRSF3 ( Fig. 4b) . We also observed preferential 222 binding of endogenous SRSF3 protein to the G/A variant of pri-mir-30c-1, as shown 223 by immunoprecipitation of SRSF3 followed by RT-qPCR quantification of the 224 associated pri-miRNA ( Fig. 4c) . In order to analyze the interaction of SRSF3 with 225 pri-miR-30c-1 wild-type and G/A sequences, we carried out toeprint and SHAPE 226 assays using SRSF3 protein purified from MCF7 cells. Toeprint analysis was 227 performed with fluorescent labeled antisense primers and capillary electrophoresis 35 . 228 In this assay, bound SRSF3 will block the reverse transcriptase and will illuminate the 229 site where SRSF3 is bound to RNA. Prominent toeprint of SRSF3 with the G/A 230 sequence was observed around nt A +25 -G +24 (RNA size 170nt, position A +25 )( Fig. 4d) . 231 Similarly, analysis of SHAPE reactivity in the presence of added purified SRSF3, 232 revealed a dose-dependent protection from NMIA attack upon addition of SRSF3 in 233 specific RNA residues in a dose-dependent manner (nts -19, -18, +16,+18,+19) of the 234 basal region of G/A (Fig. 4f,e ). Of importance, a conserved CNNC motif (nts from 235 +16 to +22), previously described as SRSF3 binding site 34, 36, 37 is located within the 236 recognition place. Together, we can conclude that the interaction of SRSF3 with pri-237 miR-30c-1 takes place at the CNNC motif at the basal region of the G/A variant. 238 239 SRSF3 protein is responsible for the increased levels of the G/A variant of miR-240 30c 241 As previously described, SRSF3 was proposed to have a role in miRNA biogenesis by 242 recognition of a CNNC motif located 17nts away from Drosha cleavage site 34 . Pri-243 mir-30c-1 has two overlapping CNNC motifs (residues from +16 to +21). Notably, 244 accessibility around this region increased in the G/A variant, as determined by 245 SHAPE and hydroxyl radical analysis ( Fig. 3 and Supplementary Fig. 2) . 246 Furthermore, toeprint and SHAPE assays in the presence of purified SRSF3 protein 247 confirmed the specific recognition of the CNNC motif by SRSF3 in a dose-dependent 248 manner ( Fig. 4) . Next, we addressed whether the preferential binding of SRSF3 to the 249 pri-mir-30c G/A variant sequence was responsible for its increased expression by 250 comparing the mature levels of miR-30c-1 wild-type or G/A variant under variable 251 levels of SRSF3 expression. To this end, we co-transfected pri-mir-30c-1 constructs 252 in MCF7 cells under transiently overexpression of SRSF3, or alternatively, 253 transfected specific siRNAs to knock-down endogenous SRSF3 protein 254 ( Supplementary Fig. 4 ). Of interest, we observed that reduced levels of SRSF3 255 drastically decreased the levels of the G/A miR-30c variant, without affecting the 256 levels of wild-type miR-30c ( Fig. 5a , compare WT vs G/A panels). By contrast, 257 transient overexpression of SRSF3 increased significantly the levels of wild-type 258 mature miR-30c, but has a more modest effect on the G/A variant sequence. 259 Altogether, these experiments suggest that SRSF3 binding is limiting in the WT 260 scenario and that is essential to promote miRNA biogenesis in the G/A context. 261 To confirm the role of SRSF3 in the differential processing observed with pri-mir-262 30c-1 G/A variant sequence, we proceeded to mutate the two consecutive CNNC 263 motifs that are the natural binding sites for SRSF3 ( Fig. 5b) . We generated a set of 264 mutants that affected either the first or second CNNC motif (mut1 and mut2, 265 respectively) or a deletion of both motifs (ΔCNNC). The CNNCmut1 carrying a 266 double substitution C +15 U +17 to AA, led to a severe reduction in the levels of miR-30c 267 expression only with the G/A variant sequence ( Fig. 5b) . Similarly, a double 268 substitution of the second CNNC motif G +20 C +21 to AA (CNNCmut2) behaved similarly, exclusively affecting the G/A variant. This experiment strongly suggests 270 that the binding of SRSF3 is an important determinant of miR-30c expression. 271 Finally, we could recapitulate the observation that SRSF3 binding is limiting for the 272 processing of wild-type pri-mir-30c-1 in an in vitro system, supplemented with 273 purified SRSF3 protein ( Fig. 6 ). Firstly, we found that the FLAG-Drosha/FLAG-274 DGCR8 complexes used for the in vitro processing assays contained residual levels of 275 SRSF3 protein ( Supplementary Fig. 5 ). Thus, the relative higher processing of the 276 G/A variant can be explained by the preferential binding of SRSF3 present in the 277 reaction to the G/A variant. Importantly, addition of purified SRSF3 protein increases 278 the Microprocessor-mediated production of WT pre-mir-30c-1 ( Fig. 6a) , whereas 279 addition of purified SRSF3 to the G/A variant ( Fig. 6c ) or to ΔCNNC variants that 280 lack SRSF3 binding sites did not affect the processing activity ( Fig. 6b, d) . This is 281 reminiscent of what was observed in MCF7 cells under variable levels of SRSF3. The central role of miRNAs in the regulation of gene expression requires that their 285 expression is tightly controlled. Indeed, the biogenesis of cancer-related miRNAs, 286 including those with a role as oncogenes ('oncomiRs), or those with tumor suppressor 287 functions is often dysregulated in cancer 13, 15, 38 . Interestingly, some miRNAs have 288 been shown to display both tumor suppressor and also oncogenic roles, depending on 289 the cell type and the mRNA targets 39 , as was described for miR-221, which exerts 290 oncogenic properties in the liver 40 but also acts as a tumor suppressor in erythroblastic 291 leukemias 41 . Futhermore, miR-375 has been shown to display a dual role in prostate 292 cancer progression, highlighting the importance of the cellular context on miRNA 293 function 42 . 294 Despite a more comprehensive knowledge on the role of RNA-BPs in the post-295 transcriptional regulation of miRNA production, there is only circumstantial evidence 296 on how RNA sequence variation and RNA structure impact on miRNA processing. SNP in pre-miR-34a, which is associated with increased levels of mature miR-34a. 307 This could be of biological significance since precise control of miR-34a expression is 308 needed to maintain correct beta-cell function, thus this could affect type 2 diabetes 309 susceptibility 48 . The emerging picture is that human genetic variation could indeed not 310 only have a role in miRNA function by affecting miRNA seed sequences and/or 311 miRNA binding sites in the 3'UTRs of target genes, but it can also contribute 312 significantly to modulation of miRNA biogenesis 21 . 313 In this study, we focused on a rare genetic variation found in the conserved 314 terminal loop of pri-mir-30c-1 (G 27 to A variant) that was found in breast cancer and 315 gastric cancer patients and leading to increased expression of miR-30c 22,23 . There is 316 circumstantial evidence that miR-30c is involved in many malignancies acting as 317 tumour suppressor 49, 50 or as an oncogene [51] [52] [53] . In order to understand the mechanism 318 underlying miR-30c deregulation in breast cancer, we investigated how this mutation affects miRNA biogenesis. We show that the G-A substitution in pri-mir-30c-1 320 directly affects Drosha-mediated processing both in vitro as well as in cultured cells 321 ( Fig. 1, 5, 6 and Supplementary Fig. 1 ). The conservation of pri-mir-30c-1 322 sequences across vertebrate species highlights the importance of the primary sequence 323 in the TL, 5´ and 3´ regions ( Fig. 2) , suggesting a crucial role in miRNA biogenesis. 324 Indeed, conserved sequences in TL have been shown to be important for recognition 325 by auxiliary factors 24 as well as for DGCR8 binding 54 , allowing efficient and accurate 326 miRNA processing. It has also been shown that pri-miRNA tertiary structure is a 327 major player in the regulation of miRNA biogenesis, as observed for the well 328 characterized miR17-92 cluster 55-57 . Here, using SHAPE structural analysis, in 329 conjunction with solvent accessibility analysis by hydroxyl cleavage, we found that 330 the G/A sequence variation leads to a structural rearrangement of the apical region of 331 the pri-miRNA affecting the conserved residues placed at the basal part of the stem 332 ( Fig. 3 and Supplementary Fig. 2 ). This demonstrates that pri-mir-30c-1 is organized 333 as a complex and flexible structure, with the TL and the basal region of the stem 334 potentially involved in a tertiary interaction. Further work is required to determine the 335 existence of direct contacts between these regions. 336 Interestingly, we also observed that this RNA structure reorganization promotes the 337 interaction with SRSF3, an SR protein family member that was demonstrated to 338 facilitate pri-miRNA recognition and processing 34 , by recognizing the CNNC motif 339 located 17nts away from Drosha cleavage site. Pri-mir-30c-1 has two overlapping 340 CNNC motifs (residues from +16 to +21) ( Fig. 5b) . Notably, accessibility around this 341 region increased in G/A variant ( Fig. 3) . Furthermore, toeprint and SHAPE assays in 342 the presence of purified SRSF3 protein clearly demonstrated that SRSF3 is 343 specifically recognizing the CNNC motif in a dose-dependent manner (Fig. 4) .
Altogether, data presented here suggest that binding of SRSF3 to the wild-type 345 sequence is limiting and that the structural reorganization induced by the G/A 346 substitution makes the SRSF3 binding sites more accessible. Taking everything into 347 account we propose a model whereby a genetic variant in a conserved region within 348 the TL of pri-mir-30c-1 causes a reorganization of the RNA secondary structure 349 promoting the interaction with SRSF3, which in turn enhances the Microprocessor-350 mediated processing of pri-mir-30c-1 leading to increased levels of miR-30c ( Fig. 7) . 351 We conclude that primary sequence determinants and RNA structure are key 352 regulators of miRNA biogenesis. and was subsequently cloned into the pCDNA3.1 vector (ThermoFisher). The G 27 to 638 A mutation was generated by a two-step PCR strategy. First, pri-miR-30c-1 was 639 amplified with a 30Cmut1 oligo (5'-CCTTGAGCTTACAGCTGAGAG-3') and 640 30c1s and also with 30Cmut2 oligo (5'-CTCTCAGCTGTAAGCTCAAGG-3') and 641 30c1a. Both PCR products, were purified (Qiagen), pooled and used as a template for 642 amplification with 30c1s and 30c1a primers. The resulting PCR product was cloned in 643 pGEMt (Promega). pGEMt G/A plasmid was digested with EcoRI to clone in 644 pCDNA3.1. The CNNC motifs were subjected to site-specific mutagenesis by PCR 645 amplification, as previously described 58 . Briefly, 10 ng of pri-miR30c-1 (WT or G/A) 646 was PCR amplified with the desired mutagenic oligonucleotide In vitro processing assays 735 The in vitro processing reactions were performed as previously described 61 with 736 minor modifications. Radiolabeled in vitro transcribed pri-mir-30c-1 (50,000 c.p.m.) 737 was incubated with 650μg of MCF7 total cell extract ( Fig. 1d ), or incubated with 738 FLAG-tagged complexes immunopurified from HEK293T cells transiently co-739 expressing FLAG-Drosha & FLAG-DGCR8 or FLAG-empty vector control, in the 740 absence or RNase 62 ( Fig. 6 and Supplementary Fig. 1) . Additionally, in vitro 741 processing reactions were supplemented with increasing concentrations of 742 immunopurified T7-SRSF3 (Fig. 6) . Quantitative RNA co-immunoprecipitation (qRNAco-IP) 759 The qRNAco-IP was performed as previously described 63 , with several modifications. 760 Briefly, lysates from pri-miR-30c-1 (WT and G/A) transfected cells were pre-cleared 761 with mouse IgG beads followed by incubation with a polyclonal rabbit anti-SRSF3 762 antibody (MLB). The complexes were pulled-down using protein G beads 763 (Amershan), then treated with proteinase K (Sigma) and RNA was extracted and 764 purified using Trizol (Invitrogen differences larger than 0,25 and statistically significant were considered. Hydroxyl 828 radical cleavage intensities of each reaction were also analized using quSHAPE 829 software 66 . Then, data from 6 independent assays were used to calculate the mean of 830 hsa-pri-mR-30c WT or GA cleavage. Grubbs' test was used to identify outliers. 831 Buried regions were defined as zones with more than two consecutives nucleotides 832 having a reactivity (R) smaller than the mean of all reactivity, whereas exposed 833 regions are those with more than two consecutive nucleotides having R larger than the 834 mean of all reactivity. 
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